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Summary
The conditional expression of alternative phenotypes under-
lies the production of almost all life history decisions and
many dichotomous traits [1–6], including male alternative
reproductive morphs and behavioral tactics [7]. Changes in
tactic fitness should lead to evolutionary shifts in develop-
mental switch points that underlie tactic expression [8]. We
used experimental evolution to directly test this hypothesis
by rearing ten generations of the male-dimorphic mite
Rhizoglyphus echinopus in either simple or three-dimen-
sionally complex habitats that differed in their effects on
morph fitness. In R. echinopus, fighter males develop
weapons used for killing rivals, whereas scrambler males
do not [9]. Populations evolving in complex 3D habitats,
where fighters had reduced fitness, produced fewer fighters
because the switch point for fighter development evolved to
a larger critical body size. Both the reduced mobility of
fighter males and the altered spatial distribution of potential
mates and rivals in the complex habitat were implicated in
the evolutionary divergence of switch point between the
habitats. Our results demonstrate how abiotic factors like
habitat complexity can have a profound effect on evolution
through sexual selection.
Results and Discussion
Conditional Expression of the Fighter Phenotype in
Rhizoglyphus echinopus
Any context-dependent decision or developmental switch can
be understood as a threshold response to an environmental
cue; thus, threshold responses extend from cell divisions to
social behavior. Despite the ubiquity of threshold responses,
evolutionary models that seek to explain them are often poorly
understood [10, 11], narrowly applied [4], controversial [4, 12],
and poorly tested [13]. Under the environmental threshold
model, such ‘‘conditional strategies’’ have been hypothesized
to be environmentally cued threshold traits. Furthermore, in
this model individuals vary in developmental switch points
that must be exceeded by an environmental cue in order to
trigger the developmental conversion from one phenotype to
another [8]. For example, in our laboratory population (see
Supplemental Experimental Procedures available online) of
Rhizoglyphus echinopus, the third pair of legs in fighter males*Correspondence: joseph.tomkins@uwa.edu.auis greatly thickened and used to kill rivals, whereas these legs
in scrambler males are unmodified [9, 14]. The probability of
becoming a fighter is a positive function of body size
(measured as the weight of the preimaginal, quiescent trito-
nymphweight [QTW]); this function shifts in relation to popula-
tion density [9] (Figure 1).
Habitat Complexity and the Ability of Weaponized
and Nonweaponized Males to Locate Females
The influence of the abiotic environment has seldom been
considered as a factor affecting evolution through sexual
selection, although it has the potential to do so in a number
of ways [11, 15–17]. Sexually selected traits are likely to have
habitat-specific costs [18]. However, alternative reproductive
phenotypes that involve exaggeration of morphology in only
one of the alternatives are likely to generate costs that are
habitat-by-phenotype dependent [19, 20]. We were able to
test the evolutionary significance of this hypothesis in the
mite Rhizoglyphus echinopus by manipulating the complexity
of the habitat in which males had to compete for females. The
simple habitat was a flat expanse of plaster of Paris seeded
with the balls of yeast that the mites eat. The complex habitat
was the same, but it was ‘‘forested’’ with upright drinking
straws (Figure 2), with the yeast located only within the straws
(further details are in the Supplemental Experimental Proce-
dures). In trials assaying mobility and reproductive success,
fighter males were poorer than scramblers at locating virgin
females in the complex habitat (Figure 3A). The consequence
of the mobility cost to fighters was a decrease in the proba-
bility of fighters siring offspring in the complex compared to
the simple habitat (Figure 3B).
Evolutionary Responses to Habitat Complexity
If variation in developmental switch points for fighter expres-
sion is heritable, then the relative differences in scrambler
and fighter fitness in the simple and complex habitats should
result in an evolutionary divergence in the average switch point
in these habitats (Figure S1) [4, 8]. Specifically, fighter expres-
sion should be suppressed in the complex habitat. To examine
this expectation, we established three replicate lines in simple
and complex habitats and allowed them to evolve for ten
generations. The distribution of mites in the straws in the
complex habitat was such that it placed a premium on the
mobility of male mites (Figure S2). On average, dispersal out
of their natal straws was expected to be necessary for 74%
of males in the complex habitat if they were to find a mate.
For these males, the reduced mobility associated with the
fighter phenotype in the complex habitat should have been
a severe disadvantage. In contrast, 6% of males in the
complex habitats were expected to develop in a straw contain-
ing a female and a rival male; only in this case would a large
male fighter have gained an advantage over a smaller scram-
bler. Hence, relative to the simple habitat, we expected the
combination of poor fighter mobility and the distribution of
males and females in the complex habitat to decrease the
fitness of the fighters, resulting in an evolutionary shift in devel-
opmental switch point for fighter production to a relatively
larger body size. If the distribution of body sizes remained
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Figure 1. Fighter Male Expression at Two Densities
(A) Logistic curves of fighter probability at low and high densities in relation
to body size (derived from a generalized linear model with a logit-link func-
tion and binomial errors; density, Wald c21 = 6.15, p = 0.013; body size,Wald
c21 = 5.47, p = 0.019). See also Figure S1.
(B) Corresponding frequencies of fighter males (with standard error [SE]
calculated as sqrt(p 3 (1 2 p)/n)) reared at the either low (62% fighters,
n = 68) or high (26% fighters, n = 19, c21 = 7.5, p < 0.005) densities.
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570constant, the result of such a shift would be a lower frequency
of fighters in the lines with history of experimental natural and
sexual selection in the complex habitat.
After ten generations of experimental evolution in the two
habitats, we reared a generation (generation 11) of mites
from all lines under identical conditions to reduce any potential
maternal effects (Supplemental Experimental Procedures).
The offspring of these mites (generation 12) were then reared
at two densities, and the expression of the fighter phenotype
was compared between the lines that evolved in either the
simple or complex habitat. By rearing the mites at two densi-
ties, we sought to detect any difference in the expression of
the fighter phenotype between our experimental evolution
lines that could have arisen through evolution in the response
to the body size cue, but also through evolution in the
response to the density cue (Figure S3). We also assayed the
lines for changes in the mate acquisition behavior of fighter
males, but we found none (Supplemental Experimental
Procedures).
Differences in switch point between habitats and between
lines within habitats, and in response to body size and density,
were assessed using a nested generalized linear mixed model
(Supplemental Experimental Procedures), in which the pro-
duction of the alternative phenotypes was regressed on
body size (QTW), with density and habitat being fixed effects
and with lines as random effects nested within habitats
(Table 1). There were significant effects of body size, density,
and habitat on fighter expression (Table 1). Thus, tengenerations of laboratory evolution in the two habitats had re-
sulted in a divergence in the fighter body size response curve,
with males from the complex habitat developing as fighters at
a larger average body size than males from the simple habitat
(Figure 4). Thus, as expected from the reduced fitness of
fighters in the complex habitat, lines in the complex habitat
evolved to produce fewer fighters (at low density, complex =
42% versus simple = 64%, c21 = 7.04, p < 0.01; at high density,
complex = 19% versus simple = 39%, c21 = 7.9, p < 0.01).
Increased rearing density shifted these curves to a larger
body size in the mites from both habitats, but mites in the
two habitats had not diverged in their response to density
(Table 1; Figure 4A).
An important assumption of the hypothesis that the condi-
tional expression of size-dependent alternative reproductive
phenotypes is adaptive is that relative, not absolute, size is
important in determining the fitness of the alternative pheno-
types [2]. If this is true, then, all else being equal, the mean
switch point for alternative size-dependent phenotypes
should track changes in body size. For example, if the mean
switch point were to coincide with the mean body size of
a population, then when mean body size becomes smaller,
the mean switch point should evolve to coincide with the
new, smaller body size mean (Figure S4). Males from our
complex and simple habitats were significantly different in
body size (complex habitat males being smaller; 0.049 6
0.001 mg) than males from lines evolving in the simple habitat
(0.0536 0.001 mg; Table S1), and when assayed in a common
garden at the end of the experiment, males from both habitats
were smaller than males from the base population (0.055 6
0.001 mg), with the difference in body size of males from lines
evolving in the complex habitat being on average 11%
(0.66 standard deviations of the base population; Z = 7.06,
p < 0.001; see Supplemental Experimental Procedures for
details) smaller. Therefore, some of the differences in switch
point that we observed between the habitats could have
been due to evolutionary differences in body size.
To untangle the extent to which the divergence in switch
point was due to differences in body size versus differences
in the relative fitness of the alternative phenotypes in the two
habitats, we repeated our switch point analysis with each indi-
vidual’s weight standardized as a deviation from the mean
weight of its natal line (see Experimental Procedures). Such
an analysis should eliminate any evolved differences in switch
point due to differences in body size (Figure S4). The results of
this analysis indicated that the base and simple habitat popu-
lations overlapped almost perfectly in their switch points (Fig-
ure 4B), suggesting that in the simple habitat the switch point
had simply tracked changes in body size. However, the diver-
gence between the simple and complex habitats was evenFigure 2. Experimental Habitats
(A) The complex habitat, where drinking straws forest
the plaster-of-Paris base.
(B) The simple habitat, where the plaster is smooth
and flat.
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Figure 3. The Ability of Fighters and Scramblers to Locate and Mate with
Females in Complex and Simple Habitats
(A) The proportions of virgin scramblers (gray) and fighters (black)
locating a single virgin female in a complex environment, with SE calculated
as sqrt(p 3 (1 2 p)/n). Over all of the time periods, the poorer ability of
fighters to locate females was significant (28% of 135 versus 44% of 149,
c21 = 7.4, p < 0.01). Fighter males were significantly less likely to locate
the female after 17 hr (c21 = 4.7, p = 0.03), a difference that decreased to non-
significance at 24 hr (p = 0.08) and 48 hr (p = 0.21), suggesting that speed
rather than motivation accounted for the difference between morphs.
(B) The proportion of males leaving offspring after spending either 17 or
48 hr with a virgin female in either a complex or a simple habitat (see Exper-
imental Procedures for details; SE calculated as sqrt(p3 (12 p)/n)). We pre-
dicted that the decrease in mobility of the fighter males in the complex
habitat would result in a decrease in fighter reproductive success in the
complex compared to the simple habitat. We found that over both the
17 hr (c23 = 18.08, p < 0.001) and 48 hr (c
2
3 = 18.08, p = 0.023) trails, fighters
in the complex habitat were indeed disadvantaged relative to their fighter
male counterparts in the simple habitats. This can be also be measured
as the difference in the p values for the all the time periods in each habitat
(17 and 48 hr in the simple versus 17, 24, and 48 in the complex; Z = 2.95,
p = 0.0032) [24].
Table 1. Switch Point Evolution in R. echinopus
Source
Unstandardized QTW Standardized QTW
df 1 df 2 F p value F p Value
Corrected model 3 14 14.294 0.000 12.550 0.000
Habitat 1 10 5.081 0.048 8.120 0.017
Density 1 12 17.474 0.001 8.457 0.016
Body size 1 279 29.842 0.000 27.386 0.000
Fixed effects from generalized linear mixedmodels with binomial errors and
a logit-link function run in SPSS version 19. Male morph is the dependent
variable, and the random effects line(habitat) and line 3 density(habitat)
are mutually exclusive; the latter provided the better model fit (Akaike crite-
rion difference = 22.7) and is used in the model below. Habitat 3 density
was not significant and was removed from the model. Degrees of freedom
(df) are calculated using Satterthwaite’s method. This analysis was con-
ducted with raw body size measures and also after standardizing the
mean body size of each line to be zero. QTW denotes quiescent tritonymph
weight.
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Thus, whereas the switch point mean had simply tracked
changes in body size in the simple habitat, in the complex
habitat it had shifted to a larger body size despite the fact
that body size evolved to become smaller. This result shows
that in lines evolving in the complex habitat, the switch point
distribution had shifted in opposition to that expected from
the change in body size; this result also adds substantialsupport to the hypothesis that the lowered fitness of fighters
in the complex habitat was responsible for the divergence in
switch points between the habitats.
Overall, the analysis based on standardized body size,
which estimates the divergence in switch point due only to
differences in average fitness of the alternative phenotypes
in the two habitats (Figure S4), indicated a dramatic diver-
gence in switch point means of 1.2 standard deviations (see
Experimental Procedures for details), most of which occurred
in the populations in the complex habitat.
Conclusions
These results illustrate that abiotic variation can influence the
evolution of phenotypic expression by altering the fitness
payoffs of alternative male phenotypes. In a different species
of mite, scrambler males in a complex habitat were more likely
to be killed by fighters than they were in a simple habitat [21].
In that study [21], however, only the survival of adult mites was
measured, and unlike the present study, neither the cost of
dispersal nor the evolutionary outcome of selection was esti-
mated. In the present study, the key to understanding why
the frequency of fighters decreased in the complex habitat
lies in how the distribution of individuals, coupled with the
poor mobility of fighters in the complex habitat, reduced
fighter reproductive success.
We found a complex interplay between the biology of the
mites, the complexity of the habitat, and the distribution of
males and females within the habitat in the evolution of the
switch point. Our findings suggest that local variation in sexual
trait expression, and the frequencies of alternative reproduc-
tive phenotypes, might commonly reflect local adaptation to
rarely considered abiotic, as well as more familiar biotic,
conditions. More broadly, we have shown that the conditional
expression of alternative phenotypes can evolve in replicable
and predictable ways when the distribution of the cues influ-
encing their expression (e.g., body size in R. echinopus), or
their fitness, are changed.
Experimental Procedures
Mobility of Male Mites
The mobility of fighters and scramblers in the complex habitat was
compared in arenas, which had ten straws set vertically into the plaster to
create a complex environment. Yeast was placed into straws 1, 3, and 9 (Fig-
ure S5). In five experimental blocks, 2500 first-instar larvae were isolated
from the base population into vials and were allowed 7 days to reach
Figure 4. Evolutionary Shifts in Switch Point
(A and B) Predicted probabilities of fighter expression in relation to body
size and relative body size for experimental evolution lines experiencing
ten generations in either the complex or simple habitat. Dashed lines define
low-density rearing conditions, whereas solid lines define high-density rear-
ing conditions. Lines experiencing the complex habitat had evolved average
switch points (the body size at which 50% of mites are expected to be
fighters) at both absolutely larger (A) and relatively larger (B) body sizes at
both high and low densities (Table 1). The mean size of males in the base
population was larger than males from lines evolving in either the simple
or the complex habitat (A). When changes in the mean body size are
controlled for (B), it is apparent that nearly all of the size-independent switch
point evolution had occurred in the lines evolving in the complex habitat.
The logistic curves were derived from a generalized linear model. See also
Figures S3 and S4.
Current Biology Vol 21 No 7
572adulthood. On the eighth day after isolation, the experiments started.
In each arena, a female was placed into straw 1 and a male into straw 9,
i.e., both had access to yeast. After 17, 24, and 48 hr, we recorded whether
the male and female were in the same straw. On 88% of occasions, the male
had moved in order to encounter the female, rather than vice versa. The
probability of a female producing offspring in the 7 following days was
assayed to determine male reproductive success. The location assay could
not be used in the simple habitat, so here a vial of identical size to the
complex ones used above was used, and only the female’s production of
offspring in the 7 days following the trial was used to determine whether
the male ‘‘located’’ the female or not.
Selection Regimen
Three replicate lines were maintained for each habitat type, creating a total
of six lines. Because of time constraints, lines were paired such that on each
of three days, one line from a complex and one line from a simple habitat
were processed, e.g., on day 1, line 1 (simple) and line 2 (complex) were pro-
cessed. Thirty-six balls of dried active yeast (Allinson’s) were distributed in
each habitat. In the simple habitat, they were scattered evenly on the damp
plaster; in the complex habitat, each yeast ball was placed in a differenthaphazardly chosen straw. Thus, in the complex habitat, 36 of 60 straws
contained yeast. Sixty first-instar larvae were placed into each habitat close
to a yeast ball. In the complex habitat, each larva was placed inside of
a straw containing yeast. This was done haphazardly such that the presence
of other larvae already in the tubewas ignored. Thiswould have led to aPois-
son distribution of larvae in the straws of the complex habitat. At each
generation, four replicate habitats were established per line. Two within-
line replicates were placed in a closed rectangular plastic container
(145 mm 3 90 mm 3 55 mm) with damp blotting paper and placed in
a 22C incubator for 15 days. It takes 7 days for the larvae to become adult,
and therefore there was a period of a further 7 days in which selection could
occur. On the fifteenth day, the surviving adults were removed and counted;
males were killed, and females and eggs were placed onto clean Petri
dishes identical to those used for culturing mites. All of the females and
all of the eggs from the four within-line replicates were placed onto a clean
Petri dish. Petri dishes containing females and eggs were returned to the
incubator for 6 days to lay and to hatch, respectively. On the sixth day,
first-instar larvae from the Petri dishes were returned to the habitats as
described above, and the cycle was repeated. Population sizes were thus
maintained at 240 (60 3 4) founding larvae per generation per line. The
survival from larvae to the point at which the adults were removed from
the habitats was 30.35% in the complex and 40.13% in the simple habitat.
Because somemales contributed to the next generation but failed to survive
until day 15, a conservative estimate of the average effective population size
at each generation is 68 individuals for the complex and 90 individuals for
the simple habitat. The degree of inbreeding in these populations would
be minimal over 12 generations; F = 0.09 for the complex versus F = 0.07
for the simple habitat. Line 3 (simple) had very low numbers of females
(18) at generation 3. To maintain the line, we supplemented the larvae intro-
duced to generation 4 by 40% from the base population.
Common Garden
We reared the parents of our experimental mites in a common garden to
remove any environmental effects of habitat complexity. To do this, we
placed females and eggs collected from the habitats at generation 10 that
would normally have been placed into habitats to make the eleventh gener-
ation instead in Petri dishes in a refrigerator at 4C. At the same time, we
removed 60 females from our base population and placed them onto Petri
dishes (two) to lay eggs. The evolved lines and the base population were
all kept in separate plastic containers. The development of the mites slows
down at this temperature and enabled us to conduct our experiments in two
blocks on a single generation of mites. From these populations, we
extracted 100 larvae per line (including the base population), isolated
them in vials with a yeast ball, and plugged them with nonabsorbent cotton
wool (BSNMedical). We kept these vials damp by placing them on a piece of
damp filter paper in a Petri dish. We placed 50 vials in each Petri dish, and
the Petri dishes were placed in a plastic container (60 mm height3 110 mm
diameter) lined with 90 mm qualitative filter paper circles (Whatmans
1001 090). Containers of larvae isolated in this way were placed at 22C in
the incubator and reared to adulthood in isolation. When these mites were
adults, males and females were paired at random (24 per line, 40 for the
base population) into arenas with six yeast balls. The offspring of these
mites were our experimental animals, which were assayed either in isolation
or at density.
Mites Assayed in Isolation
To assay male size and morph under low-density conditions, we isolated 75
first-instar larvae from each line and 200 from the base population. Each
mite was placed into a vial as above, and 50 vials per Petri dish were placed
in each container (145mm3 90mm3 55mm), which was then placed in the
incubator. At least twice per day from the sixth to the eleventh day after
isolation, the mites were checked for the quiescent stage of the life cycle,
when the mite larva stops moving for 6–12 hr prior to its eclosion as an adult
[22]. Quiescent tritonymphs were weighed to 0.00001mg on a Sartorius SE2
balance and returned to their vials. We used the weight of the QTW rather
than adult size or weight, because fighters lose more mass than scramblers
at eclosion, reducing the difference in size between adult fighters and adult
scramblers [22, 23]. Sex and male morph were recorded on the day
following weighing.
Mites Assayed at Density
To assay male size and morph under high-density conditions, we placed
25 first-instar larvae into each of four simple habitats per line to produce
100 mites per line and 100 for the base population. From the sixth to the
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573eleventh day after they were established, the arenas were checked and any
quiescent tritonymphs were removed, weighed, and isolated in vials. Sex
and male morph were subsequently recorded.
Supplemental Information
Supplemental Information includes five figures, one table, and Supple-
mental Experimental Procedures and can be found with this article online
at doi:10.1016/j.cub.2011.02.032.
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